Abstract-A compact frequency-reconfigurable slot antenna for LTE (2.3 GHz), AMT-fixed service (4.5 GHz), and WLAN (5.8 GHz) applications is proposed in this letter. A U-shaped slot with short ends and an L-shaped slot with open ends are etched in the ground plane to realize dual-band operation. By inserting two p-i-n diodes inside the slots, easy reconfigurability of three frequency bands over a frequency ratio of 2.62:1 can be achieved. In order to reduce the cross polarization of the antenna, another L-shaped slot is introduced symmetrically. Compared to the conventional reconfigurable slot antenna, the size of the antenna is reduced by 32.5%. Simulated and measured results show that the antenna can switch between two single-band modes (2.3 and 5.8 GHz) and two dual-band modes (2.3/4.5 and 4.5/5.8 GHz). Also, stable radiation patterns are obtained.
I. INTRODUCTION
R APID development of wireless communications has caused significant spectrum congestion. Frequency-reconfigurable antennas have received much attention due to their selectivity for operating frequency and prominent feature of using the spectrum efficiently. Frequency reconfigurability in antennas can be realized by employing RF microelectromechanical systems [1] , p-i-n diodes [2] , varactors [3] , and field-effect transistors [4] . Frequency-reconfigurable antennas using p-i-n diodes in the Lor U-shaped slots have been widely studied [5] - [7] . The antennas can switch between several frequencies by controlling the states of the p-i-n diodes. To realize the continuous tuning, some designs inserting varactors in the unequal U-shaped slot and loading variable chip capacitor in the microstrip line are reported [8] , [9] .
Recently, reconfigurable antennas for dual-or triple-band operation have been reported. In [10] , an asymmetric structure that employs three p-i-n diodes to alter operating frequency is proposed. By changing the locations and the lengths of the slots and arms, the antenna can achieve two dual-band modes. In [11] , by using a switchable slotted structure on the ground plane, the antenna can switch between ultrawideband (UWB), narrow-band, and dualband modes. A reconfigurable slot antenna with three switchable frequencies is presented [12] . By using three sickle-shaped slots in the ground plane and three p-i-n diodes, the antenna can switch between three single-band modes, three dual-band modes, and a triple-band mode. However, achieving multiband reconfigurable antennas within a compact structure is still a challenge. This letter presents a compact frequency-reconfigurable slot antenna. Dual-band operation is realized by etching a U-shaped slot with short ends and two L-shaped slots with open ends in the ground plane. To achieve the frequency reconfigurability, three p-i-n diodes are inserted inside the slots. The size of the antenna is reduced by etching slots with open ends in the ground plane. Simulated and measured results show that the antenna has a compact size and a frequency ratio of 2.62:1 and switches between two single-band modes and two dual-band modes.
II. ANTENNA DESIGN
The configuration of the antenna is shown in Fig. 1 . On one side of the substrate is the ground plane, and on the other side of the substrate is the stepped feed line. A U-shaped slot with short ends and an L-shaped slot with open ends are used to realize dual-band operation (2.3 and 4.5 GHz). By inserting two p-i-n diodes (D 1 and D 2 ) inside the slots, the antenna can switch between two single-band modes and two dual-band modes. To reduce the cross polarization, another L-shaped slot loaded with a p-i-n diode is introduced symmetrically. The stepped feed line is used to obtain good impedance matching. Four small slots with a width of 0.3 mm are introduced in the ground plane for biasing circuits. Ten dc block capacitors with a value of 100 pF are mounted on the small slots to avoid dc signal flowing into the RF source and provide RF wave connection throughout the ground plane. Through simulation analysis, we found that the dc block capacitors have little effect on the antenna performance. The antenna is designed to operate at 2.3/4.5/5.8 GHz, and simulated with CST Microwave Studio. The chosen substrate is RO4350B with a thickness of 0.8 mm and a relative permittivity of 3.48. To meet the bandwidth requirements for LTE, AMT-fixed service, and WLAN applications and the magnitude requirements of |S 11 |< −10 dB within the passbands of the antenna, a parametric study of four combinations of diode states is performed. The optimized parameters are: L = 27 mm, W = 25 mm, l f = 7 mm, w f = 1.68 mm, l p = 9.6 mm, w p = 8 mm, d = 1 mm, l 1 = 7.5 mm, l 2 = 9.2 mm, l 3 = 2 mm, l 4 = 12 mm, l 5 = 11 mm, l 6 = 5.8 mm, l 7 = 5 mm, w 1 = 4 mm, and w 2 = 8.2 mm, respectively. The diodes used as switching elements are BAR50-02V. According to the datasheet of the BAR50-02V, the diodes are modeled by a resistance of 3 Ω for ON state and a parallel circuit with a capacitance of 0.15 pF and a resistance of 5 kΩ for OFF state. Each dc bias circuit is controlled by a 0.95-V dc source, and the current level in the ON state is approximately 0.044 A. Thus, the dc power consumption of each diode is approximately 0.042 W. The details of the diode configuration are shown in Table I . Fig. 2 shows the simulated input reflection coefficients of the antenna. It can be seen that when D 1 is switched OFF, the antenna operates in two dual-band modes. On the contrary, it works (all diodes ON), the antenna can operate at a single-band mode with f 3 = 5.8 GHz. Besides, the L-shaped slots in states 1 and 2 are in open-and short-circuit states, respectively. In state 1, the quality factor is higher due to the smaller loss, and then the bandwidth at f 2 is much smaller than that in state 2.
The simulated surface current distributions of the antenna are shown in Fig. 3 . At f 1 in states 1 and 3, as shown in Fig. 3(a) and (e), the current concentrates on the edge of the L-shaped slots and the current path length (l 1 + l 2 ) approximates to λ 1 /4 (λ 1 is the guided wavelength at f 1 ). As shown in Fig. 3(b) and (c), at f 2 in states 1 and 2, the current flows along the edge of the U-shaped slot and the current path length (2 * l 3 + l 4 ) approximates to λ 2 /2 (λ 2 is the guided wavelength at f 2 ). Finally, at f 3 in states 2 and 4, as shown in Fig. 3(d) and (f), the ends of the L-shaped slots change from "open-circuit state" to "short-circuit state." The current also mainly concentrates on the edge of the L-shaped slots, and the current path length (l 1 + l 2 − 1.5 mm) approximates to λ 3 /2 (λ 3 is the guided wavelength at f 3 ).
The effect of the stepped feed line on the performance of the antenna is also studied. The results indicate that l p mainly determines f 2 , and w p affects the impedance matching at f 1 and f 3 . The effect of l p on f 2 is similar in states 1 and 2. Fig. 4 shows the input reflection coefficients for different l p in state 1. It is noted that as l p increases, f 2 significantly decreases due to the increased parallel capacitance of slot antenna. The sensitivity can be mitigated by decreasing w p . Fig. 5 shows the input reflection coefficients for different w p in states 3 and 4. It is observed that when the stepped feed line is not used (i.e., w p = w f = 1.68 mm), the impedance matching is very poor. When the antenna is fed by a stepped microstrip line, the impedance matching becomes better as w p increases. Thus, the stepped feed line greatly improves the impedance matching of the antenna.
III. EXPERIMENTAL RESULTS
The antenna is fabricated on RO4350B substrate with a thickness of 0.8 mm and a relative permittivity of 3.48. Fig. 6 shows the photograph of the antenna. The input reflection coefficients are measured by an Agilent N5230A vector network analyzer, The radiation patterns are also investigated. It is found that the antenna has similar radiation patterns in different states at the same frequency. Fig. 8 shows the normalized radiation patterns in states 1 and 2. The measured results agree with the simulated ones. It is noticed that the antenna exhibits omnidirectional radiation patterns in H-plane and bidirectional radiation patterns in E-plane. The differences between the simulated and measured results are mainly caused by the parasitic effects of diodes, the accuracy of the dielectric constant of material, and the fabrication error. The measured peak gains in states 1-4 are 0.7/2.5, 1.8/2.8, 0.3, and 2.5 dBi, respectively. Compared to the simulated results, the measured ones decrease -0.5/0.2, 1.3/1.3, 0.1, and 1.4 dB. The simulated efficiencies in states 1-4 are approximately 59%/67%, 85%/75%, 57%, and 78%. Hence, good antenna efficiencies are obtained for LTE (2.3 GHz), AMT-fixed service (4.5 GHz), and WLAN (5.8 GHz) applications. The measured efficiencies in four states are approximately 65%/66%, 76%/64%, 55%, and 75%, respectively. The lower efficiency at f 1 is caused by the compact size of antenna and the parasitic effect of the diodes.
Finally, Table II lists the key data of the proposed and those reported frequency-reconfigurable U-or L-shaped slot antennas. Most antennas mentioned above are capable of single-band operation except [9] . In the switchable single-band case, the proposed antenna has a larger frequency ratio between bands and less switches compared to the antennas with similar size [5] , [6] . Moreover, the size of the proposed antenna is smaller than that of the antennas in [7] , [8] . In the case of the reconfigurable singleand dual-band antennas, the proposed one has a smaller size and a larger frequency ratio between bands by etching slots with open ends in the ground plane. 
IV. CONCLUSION
In this letter, a compact frequency-reconfigurable slot antenna for wireless applications is presented. A U-shaped slot with short ends and two L-shaped slots with open ends are etched in the ground plane to realize dual-band operation. By switching three p-i-n diodes inside the slots, the antenna can achieve four switchable states: two single-band modes and two dual-band modes. Also, a frequency ratio of 2.62:1 is obtained. Compared to the conventional reconfigurable slot antenna that is typically halfguided wavelength in dimension [13] , the antenna size is reduced by 32.5%. It is potential for 4G wireless network and practical for various multifrequency systems.
